The viscoplastic properties of the Sn-rich phase and Sn-Ag-Cu eutectic constituent in a Sn-3.5Ag-0.75Cu lead-free solder were determined by performing microindentation tests on these individual phases. Material parameters in Norton's law for each phase were successfully identified by fitting the experimentally obtained rate-dependent indentation load (P) vs penetration-depth (h) curves, as well as indentation-creep data, with the corresponding Finite Element (FE) simulation results. For this material parameter identification, an appropriate indenter-penetration depth for a given size of a phase, where the P-h response is not affected by the other neighboring phases, was determined by FE simulation.
Introduction
Since lead in a Sn-Pb eutectic solder is harmful to a human body, the development of lead-free solders, together with their joining technologies, has been greatly desired. [1] [2] [3] [4] For the appropriate selection of a solder alloy and the designing of solder joints, it is essential to know the viscoplastic properties (or creep properties) of solder alloys since most of the inelastic deformations of these alloys are due to viscoplasticity rather than rate-independent plasticity. If we want to determine the properties of a solder in a joint of an IC package on a print circuit board, for example, conventional material tests, such as an uniaxial tension test, will be hardly applicable because the volume of this solder is too small. For such a case, a depth-sensing microindentation test has a great advantage over other conventional material tests. 5, 6) As to the identification of viscoplastic properties of materials, Sargent and Ashby 7) carried out a dimensional analysis for self-similar indentation (i.e., indentation using a pyramid or cone indenter), and proposed a method of determining the rate-sensitivity exponent in Norton's creep law and the activation energy. On the basis of this theory, Fujiwara and Otsuka 8) determined viscoplastic parameters for lead-free solders. Recently, a similar approach, but a more precise one that involves FE simulation, has been reported by Cheng and Cheng.
9) Ma et al. 10) performed microindentation tests on a Sn-3.5Ag-0.75Cu solder and concluded that the Ph relationship for viscoplastic materials has a form of P ¼ Ch , where the exponent is a function of rate-sensitivity exponent. As to the nonhomogeneity of materials, Ma et al. 11) conducted microindentation tests on a Sn-rich phase and a Sn-Ag-Cu eutectic constituent individually in a Sn-3.5Ag-0.75Cu solder, and determined creep indentation hardness 12) for each phase. However, it was not a direct method of determining material parameters in the constitutive equation of viscoplasticity. To the best of the present authors' knowledge, nobody has ever determined the viscoplastic material parameters for individual phases of lead-free solder alloys, although they provide important information for estimating the reliability of solders.
In general, the depth-sensing microindentation test is suitable for examining the mechanical properties of individual phases in composites. 13, 14) In this study, we proposed a method of determining the viscoplastic properties of individual phases in a multiphase material from the ratedependent P-h (and also indentation-creep) data of microindentation, together with the corresponding FE simulation. A guideline for the indentation depth for a given size of a phase, where the P-h response is not affected by the other neighboring phases, was established by FE simulation. Using this method, the viscoplastic properties of a Sn-rich phase and a Sn-Ag-Cu eutectic constituent in a Sn-3.5Ag-0.75Cu lead-free solder were identified.
Microindentation Experiment
In this study, a Sn-3.5Ag-0.75Cu lead-free solder (Senju Metal Co., Ltd.), which consists of a Sn-rich phase and a SnAg-Cu eutectic constituent, was employed. Figure 1 shows the scanning electron microscopy image of the structure of the specimen. Prior to the experiment, the surface of the specimen was mechanically polished with alumina powder. All the experiments were conducted using the microindentation tester MZT-4 (Akashi Co.) with a Berkovich indenter. The tests were in load-controlled, and two loading speeds, low (0.5 mNÁs À1 ) and high (40 mNÁs À1 ), were selected. The holding time at the maximum load was 5 seconds. The maximum load was selected to be 2 mN at which only indented phases were plastically deformed (see Sec. 4).
FE Simulation
The FE simulation of microindentation was performed using the FE code MARC K7.3. A triangular Berkovich indenter was modeled using a two-dimensional rigid cone with an apex angle of 70 , which has the same ratio of contact area to penetration depth as the Berkovich indenter. The axisymmetric solid element of four nodes was employed. The * Graduate Student, Hiroshima University finest mesh size for the indenter-contact area was 0:15 Â 0:15 mm when the maximum indenter-penetration was 0.4-0.6 mm.
In the numerical simulation, elastic-viscoplastic materials were assumed. In the material model, the strain rate _ " " i j is decomposed into an elastic part and a viscoplastic part, as
The elastic strain rate _ " " e ij for a given stress rate _ i j is expressed by Hooke's law:
where E and stand for Young's modulus and Poisson's ratio, respectively. For the viscoplastic part of the strain rate,
where s i j denotes the stress deviator, _ " " vp and are the effective viscoplastic strain rate and effective stress, respectively, which are related by Norton's law:
Here, C, n and 0 ¼ 1 are material constants.
Guideline for Indenter-Penetration Depth
To identify the mechanical properties of a selected phase exclusively in a multiphase material, it is of vital importance to determine an appropriate indenter-penetration depth, because if the indentation is too deep, the P-h response will include the effect of the deformation of the other neighboring phases. To establish a guideline for the indentation depth, the FE simulation of microindentation was performed. Axisymmetric models for a homogeneous material and a dual-phase material are schematically illustrated in Figs. 2(a) and (b) , respectively, where Phase 1 is for indentation and Phase 2 is its surrounding. The radius of Phase 1 was given as a ¼ 3:4 mm, which is the average radius of the Sn-rich phase of the Sn-3.5Ag-0.75Cu lead-free solder. The radius of Phase 2 was b ¼ 30 mm; this value is sufficiently large, thus most of the volume of this phase is not deformed by indentation into Phase 1. For the present numerical experiment, three materials, named Materials 1, 2 and 3, which have different viscoplastic properties but have the same elastic properties (E ¼ 50 GPa and ¼ 0:3), as listed in Table 1 , were used. The properties of Material 1 correspond to those of the Sn-3.5Ag-0.75Cu lead-free solder determined by the uniaxial tension test with a bulk specimen. Materials 2 and 3 were assumed to be softer and harder than Material 1, respectively. Several combinations of these materials were chosen for dual-phase material models. Here, the indentation was always conducted on Phase 1. To determine how the deformation of the surrounding phase (i.e., Phase 2) strongly influences the results of indentation, the difference in P-h response between a dual-phase (Phases 1 þ 2) material and its corresponding homogeneous (Phase 1 only) material as numerically examined. The calculated results of P-h=a curves are summarized in Fig. 3 , where (a), (b) and (c) are cases when Materials 1, 2 and 3 are chosen for the indented material (Phase 1), respectively. At the beginning of the indenter-penetration, P-h=a curves of homogeneous and dual-phase material models exhibited the same trend and separated from each other at a certain indentation depth. To determine the deviation point quantitatively, the following measure of deviation is defined.
where P h and P d denote the indentation loads for homogeneous and dual-phase material models, respectively, for a given indenter-penetration depth. For example, the 2% deviation point is at h=a % 0:15 for all the cases (see Fig. 3 , arrows indicate thus-defined deviation points).
Identification of Viscoplastic Properties-Results and Discussion
A set of material parameters C and n in eq. (4) for the Sn- rich phase and Sn-Ag-Cu eutectic constituent as identified by fitting the experimentally obtained P-h curves, as well as the suggested indentation-creep data, with the corresponding FE simulation results. Figures 4 and 5 show the P-h curves for the two phases, respectively, obtained from the microindentation experiments. As shown in Fig. 1 , the sizes of these phases markedly scatter. Among these phases, we selected phases with radii of more than 10 mm for the indentation experiments. According to the guideline for the indenter-penetration depth h, as mentioned in Sec. 4, the maximum indentation load P was chosen to be as low as 2 mN so as to satisfy h=a < 0:15. In these figures, the corresponding FE simulation results incorporated with the thus-identified set of material parameters are also indicated. From these results, we considered that the Sn-rich phase is softer than the Sn-Ag-Cu constituent. For both phases, the P-h responses and subsequent indentation-creep are strongly rate-dependent, i.e., at a high loading speed (see Figs. 4 (a) and 5(a), _ P P ¼ 40 mNÁs À1 ), the materials behave harder upon loading process, and exhibit more significant creep, than at a low speed (see Figs. 4 (b) and 5(b), _ P P ¼ 0:5 mNÁs À1 ). From the material parameter identification results, we found C ¼ 1:0 Â 10 À20 ; n = 10.5 for the Sn-rich phase and C ¼ 2:5 Â 10 À23 ; n ¼ 11:0 for the Sn-Ag-Cu constituent. The calculated results for both phases agree well with the experimental data for loading processes and indentation creep.
To determine the sensitivity levels of these viscoplasticity parameters to the P-h responses, some numerical experiments were carried out by varying the parameters C and n. In general, the P-h responses are strongly affected by the rate sensitivity exponent n. For example, in Fig. 6 , by comparing two cases, namely, n ¼ 10:5 (identified value) and n ¼ 12:6 (20% larger than the identified value) for C ¼ 1:0 Â 10
À20
(identified value), we found that the two P-h curves are very different; the larger n value gives a softer P-h response. The larger C value gives a softer P-h response; however, it is not very sensitive. For example, as shown in Fig. 6 , within factor-two (between half of and twice the identified value C 2:0 Â 10 À20 ), differences in calculated P-h curves are not very significant. Hence, in the present work, we decided to consider doubleand three-figure values for C and n, respectively.
It is interesting to know how precisely the bulk viscoplasticity behavior can be predicted using the rule of mixture in the composite theory based on the assumption of equal strain rate. From this theory, the following relationship between the viscoplastic strain rate _ " " v p and applied stress bulk is given by
where V 1 and V 2 denote the volume fractions of Phases 1 and 2, respectively. In Fig. 7 , the relationship between the viscoplastic strain rate and the applied stress calculated using eq. (6), as well as the results for the individual phases, is indicated. The experimental data obtained by compression tests with a bulk specimen (10 mm diameter and 6 mm height) of the same solder alloy are also plotted. The results calculated using eq. (6) agree well with the experimental observations. Hence, we concluded that if the mechanical properties and volume fraction of the individual phases are known, it is possible to predict the bulk behavior using the rule of mixture.
Conclusions
To identify viscoplastic properties by microindentation tests for individual phases in a multiphase material, in general, the indenter-penetration depth should be set below 15% of the phase radius. The material parameters in Norton's law for the Sn-rich phase and Sn-Ag-Cu eutectic constituent in the Sn-3.5Ag-0.75Cu lead-free solder were successfully determined by fitting the FE simulation results of P-h curves with the corresponding experimental data. It was found that the Sn-rich phase is harder than the Sn-Ag-Cu constituent. Using the rule of mixture in the composite theory, it is possible to predict the bulk behavior when the mechanical properties and volume fraction of individual phases are known. Fig. 6 Comparisons of P-h curves calculated with several sets of material parameters C and n for Sn-rich phase: (1) identified values; (2) twice the identified C value; (3) half of identified C value; (4) n value, 20% larger than identified one. Fig. 7 Viscoplastic strain rate vs stress relationship obtained by the compression test with bulk Sn-3.5Ag-0.75Cu lead-free solder ( ), together with result calculated using the rule of mixture (--) with material parameters for Sn-rich phase (---) and Sn-Ag-Cu constituent (--).
